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Epigenetic modifications are crucial for proper
lineage specification and embryo development.
To explore the chromatin modification land-
scapes in human ES cells, we profiled two his-
tone modifications, H3K4me3 and H3K27me3,
by ChIP coupled with the paired-end ditags se-
quencing strategy. H3K4me3 was found to be
a prevalent mark and occurred in close proxim-
ity to the promoters of two-thirds of total human
genes. Among the H3K27me3 loci identified,
56% are associated with promoters and the
vast majority of them are comodified by
H3K4me3. By deep-transcript digital counting,
80% of H3K4me3 and 36% of comodified pro-
moters were found to be transcribed. Remark-
ably, we observed that different combinations
of histone methylations are associated with
genes from distinct functional categories.
These global histone methylation maps provide
an epigenetic framework that enables the dis-
covery of novel transcriptional networks and
delineation of different genetic compartments
of the pluripotent cell genome.
INTRODUCTION
Embryonic stem (ES) cells have the ability to self-renew
and maintain the potential to differentiate into every tissue
type found in the adult animal (Smith, 2001). The derivation
of pluripotent human ES cells offers a unique opportunity
for the clinical application of cell-based replacement ther-
apies (Singec et al., 2007). As a result, extensive studies in286 Cell Stem Cell 1, 286–298, September 2007 ª2007 Elsevierecent years have focused on understanding the genetic
and epigenetic regulation of the ‘‘stemness’’ property of
ES cells and their differentiation (Surani et al., 2007).
Epigenetic regulation of gene expression is thought to
establish distinct domains of active and inactive chroma-
tin structures partly by posttranslational modifications of
histone proteins. Histone modifications include acetyla-
tion, methylation, phosphorylation, and ubiquitylation (Je-
nuwein and Allis, 2001; Kouzarides, 2002). Compared with
histone acetylation, which is generally associated with
transcriptional activity, histone lysine methylation can
serve as either repressive or active marks (Martin and
Zhang, 2005). Specifically, methylations of lysine 4 (K4)
and 27 (K27) on histone H3 have been shown to associate
with active and repressed gene expression, respectively
(Bracken et al., 2006; Kirmizis et al., 2004). These modifi-
cations are mediated through the Trithorax (TrxG) and Pol-
ycomb (PcG) protein complexes and play critical roles in
lineage-specific developmental programs (Ringrose and
Paro, 2004). In contrast to H3K4 methylation, Lys9 and
Lys27 methylations are generally associated with silenced
regions (Cao and Zhang, 2004; Kouzarides, 2002; Martin
and Zhang, 2005). In mammals, histone H3 Lys9 dimethy-
lation and Lys27 trimethylation (H3K27me3) mark the het-
erochromatic and inactive X chromosome (Boggs et al.,
2002; Peters et al., 2002; Plath et al., 2003; Silva et al.,
2003). Hence, these histone modifications can provide
signatures for the underlying properties of chromatin as-
sociated with different segments of the genome.
Genomic studies of epigenetic regulation have provided
valuable insight regarding the general features and func-
tions of various epigenetic modifications. Specifically,
genome-wide location analyses have identified sites for
PcG complexes and H3K4 methylation profiles in different
model organisms (Barski et al., 2007; Bernstein et al.,
2005, 2006; Boyer et al., 2006; Bracken et al., 2006; Lee
et al., 2006; Mikkelsen et al., 2007; Negre et al., 2006;r Inc.
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2006). To understand the chromatin structures in ES cells,
Bernstein et al. surveyed H3K4me3 and H3K27me3 on
60.3 Mb of murine ES cell genome that includes the highly
conserved noncoding elements (HCNEs) and, surpris-
ingly, uncovered 109 ‘‘bivalent domains’’ that show over-
lapping H3K4me3 and H3K27me3 profiles (Bernstein
et al., 2006). The bivalent modification is proposed to
keep the key developmental genes in poised states for
later activation. The target genes occupied by SUZ12,
a core component of PcG complexes, were also profiled
in human ES cells and found to be involved in the mainte-
nance of the noncommitted state of ES cells by repressing
development regulators (Lee et al., 2006).
To determine the precise genomic features and genes
associated with H3K4 and K27 trimethylations, their rele-
vant transcriptional status, and functions that contribute
to the unique identity of ES cells, we employed the chro-
matin immunoprecipitation coupled with a genome-
wide, paired-end-ditag (ChIP-PET) sequencing approach
(Loh et al., 2006; Wei et al., 2006) to map histone H3K4
and K27 trimethylation patterns across the human ES
cell genome. Our results show that H3K4me3 is a pre-
valent histone modification highly enriched at proximal
promoter regions. In contrast, H3K27me3 is only present
on 10% of the gene promoters that also carry the
H3K4me3 modification. Although partially overlapped,
H3K4me3 and H3K27me3 exhibit distinct peaks in relation
to the transcription start sites of their associated genes.
Furthermore, the combinations of various histone modifi-
cations are tightly correlated with the transcriptional activ-
ities of the affected gene. Hence, distinct compartments
can be revealed by genes carrying different histone meth-
ylation signatures, their transcriptional activities, and
assigned functional categories. In summary, these maps
represent a global survey of two key histone modifications
in human ES cells and their underlying gene framework,
which may define the unique characteristics of self-
renewal, maintenance of pluripotency, and the potential
for lineage specification in human ES cells.
RESULTS
Global Mapping of H3K4me3 and H3K27me3
Profiles in Human ES Cell Genome
The genome-wide H3K4me3 and H3K27me3 profiles
were generated by the ChIP-PET approach on the human
ES cell line hES3. hES3 cells were maintained in feeder-
free medium and exhibited typical ES cells characteristics
such as expression of the pluripotency markers OCT4,
SOX2, and NANOG as well as normal karyotypes (46; X,
X; Choo et al., 2006) (For detailed growth conditions and
characterization of hES3 cells, see Supplemental Informa-
tion I-1 in the Supplemental Data available with this article
online.) H3K4me3 and H3K27 me3-associated DNA frag-
ments were enriched by ChIP with specific antibodies,
and 36 bp paired-end ditags (PETs; 18 bp tags from each
50 and 30 end) from individual ChIP fragments were ex-
tracted and dimerized for multiplex ultrahigh-throughputCell Spyrosequencing analysis (Ng et al., 2006; Wei et al.,
2006). Because of the enrichment by ChIP, the specific
H3K4me3 and H3K27me3-modified chromatins can be
defined by clusters of multiple, overlapping PET coordi-
nates (Figure 1).
To achieve comprehensive coverage, a total of 2.1 mil-
lion and 3 million PET sequences were generated from
H3K4me3 and H3K27me3 ChIP fragments. These PETs
defined 679,765 and 992,534 unique DNA mapping loca-
tions, which produced 30,628 and 102,411 distinct PET
clusters, respectively (For details of ChIP-PET libraries,
PET sequencing, and mapping, see Supplemental Infor-
mation I-2.) Statistical modelingof PETcluster sizedistribu-
tions indicates that the PET-5+ clusters (clusters with five
PETs overlap) are reliable readouts for ChIP enrichments.
Thirty randomly selected PET-5+ clusters from each data-
set were evaluated by ChIP-qPCR assays, and all were
confirmed with minimal 10-fold enrichment. Thus, PET-5+
clusters represent true enrichment with high specificity
(>95%), and the sequencing of these two libraries appears
to be well saturated (90%). (For details on the selection of
reliable clusters, specificity, sensitivity, and saturation
analyses, refer to Supplemental Information I-3.)
Using PET-5+ clusters, 17,167 H3K4me3- and 10,554
H3K27me3-modified genomic regions were identified.
The distribution of the 17,167 H3K4me3 clusters among
23 chromosomes is highly correlated with the numbers
of genes located on each chromosome (Supplemental
Information I-4). The distribution of H3K27me3 regions is
rather unique: 6162 out of 10,554 (58%) modified loci
are solely found on chromosome X as a result of X chro-
mosome inactivation (XCI) (Heard, 2004), and the karyo-
type of hES3 cells used in this study is 46; X, X. XCI has
also been observed in female H9 human ES cells (Hoffman
et al., 2005). For subsequent analyses, we therefore fo-
cused only on the 4392 H3K27me3 sites located at auto-
somes 1–22.
Extensive Marking of Genes by H3K4me3
Because H3K4me3 is known to associate with the 50
regions of actively transcribed genes (Ng et al., 2003; San-
tos-Rosa et al., 2002; Schneider et al., 2004), we first
examined the correlation between these 17,167 PET-
defined H3K4me3 loci and transcription start sites
(TSSs) of known genes. Consistent with significant corre-
lation between H3K4me3 sites and TSS found in other cell
types (Bernstein et al., 2005; Kim et al., 2005), the vast ma-
jority (14,326; 83.4%) of 17,167 H3K4me3 sites are lo-
cated within 1 kb of TSS of well-annotated genes (based
on known genes, MGC, RefSeq, and GenBank mRNA
tracks from http://genome.ucsc.edu). The remaining
2841 sites located in the intragenic (1151) and intergenic
(1690) regions represent potential alternative TSSs and
novel promoters (Figure 2A). Furthermore, the overall
H3K4me3 patterns appear to be localized with well-
defined boundaries, and average span of the modified re-
gions is around 2.5 kb with peaks approximately at 300 bp
30 of the known TSSs. High numbers of PETs are found to
cluster around the promoter regions of many activelytem Cell 1, 286–298, September 2007 ª2007 Elsevier Inc. 287
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Histone Methylation Maps of hES Cell GenomeFigure 1. Whole-Genome Mapping of H3K4me3 and H3K27me3 Modifications and Transcriptome Profiling of Human ES Cells by
PET Analysis
(A) Diagram of the ChIP-PET and GIS-PET experimental procedures. Left panel, the H3K4me3 (red) and H3K27me3 (green) ChIP-enriched DNA frag-
ments were cloned and the paired-end ditags (PETs) were extracted and dimerized (di-PET construction) for massively parallel pyrophosphate se-
quencing (MS-PET sequencing). Right panel, the expressed mRNAs (blue) were converted to full-length cDNAs and the PETs were also extracted for
sequencing analysis.
(B) Examples of the mapped PETs and cluster profiles to define H3K4me3- and H3K27me3-modified regions as well as the levels and boundaries of
expressed transcripts. The individual PET mapping locations are displayed as green on top, and their resulted density profile is shown in brown below.
The corresponding gene structure is shown in blue where blocks represent exons and lines represent introns. The left panel shows H3K4me3 around
Oct4 gene (chr6:31238526-31248013). The middle panel shows the H3K27me3 marks around Tnfsf7 (chr19:6535522-6543491), and the right panel
shows the expressed transcripts within chr19:449,723-635,702.expressed genes in ES cells. Oct4, for example, has 35
PETs (PET-35) covering a distance from 382 bp upstream
to 2 kb downstream of its TSS (Figure 1B). More examples
can be found in Supplemental Information I-4. Another ge-
nomic feature commonly associated with the 50 end of the
genes is the CpG island (Ioshikhes and Zhang, 2000).
15,107 clusters (88%) are found within 1 kb of annotated
CpG islands. The significant enrichment of H3K4me3
mark within known TSS and CpG islands suggests that




Although the occurrence of H3K4me3 is strongly associ-
ated with TSS, the H3K27me3 marks are less concen-288 Cell Stem Cell 1, 286–298, September 2007 ª2007 Elseviertrated on the promoter regions. 2456 (56%) and 2943
(67%) out of 4392 H3K27me3 sites are within 1 kb of the
well-annotated TSSs and known CpG, respectively.
H3K27me3 regions also exhibit broader patterns with
well-defined boundaries and spread over larger regions.
For example, H3K27me3 regions in four Hox loci span
more than 100 kb in length. In fact, 33% of 4392
H3K27me3 sites are larger than 4 kb, whereas >90% of
17,167 H3K4me3 sites span less than 4 kb (Supplemental
Information I-5 and Figure S7).
About two-thirds of the 4392 H3K27me3 sites are found
to overlap with the H3K4me3 sites (Figure 2B). It is note-
worthy that, although 77% of the 2765 H3K27me3 sites
overlapping with H3K4me3 are concentrated around
±1 kb of known TSS, only 27% of the 1627 non-H3K4me3-
overlapping H3K27me3 regions are around promoterInc.
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Histone Methylation Maps of hES Cell GenomeFigure 2. Extensive Marking of Genes by H3K4me3
(A) Distributions of H3K4me3 and H3K27me3 sites across the gene body. The H3K27me3 sites shown here are from chromosomes 1–22.
(B) Venn diagram shows the unique and overlapped sites between H3K4me3 (red) and H3K27me3 (green) on chromosomes 1–22. The percentages of
sites uniquely modified by H3K4me3 and H3K27me3 located in different regions of genes are shown as numbers below arrows.
(C) H3K4me3 and H3K27me3 profiles are distinct. A high-resolution profile of H3K4me3 and H3K27me3 modifications within a promoter in a 6.7 kb
window is shown as an example here. The H3K4me3 peak is displayed on top and below is the H3K27me3 peak. The enrichment fold of H3K4me3
(red) and H3K27me3 (green) by ChIP-qPCR scanning the same region was plotted and is shown in the bottom panel.regions. A previous report demonstrated the occurrences
of both modifications on the same nucleosomes (Bernstein
et al., 2006). However, we observed that the peaks from
H3K4me3 and H3K27me3 modifications across the same
promoter regions were actually separated with partial over-
laps in the overall profiles. ChIP-qPCR was used to confirm
one such region by scanning the entire 7 kb genomic DNA,
and results showed that the enrichment pattern was in
close agreement with the cluster profile (Figure 2C).
We next examined the genes associated with each
type of histone modification. Of the 17,469 nonredundant
unique human RefSeq genes located on autosomes,
68% of these RefSeq genes contained H3K4me3 and
only 10% contained overlapping H3K27me3 within 1 kb
of their TSSs (Figure 3A). Surprisingly, among the 1798
H3K27me3-modified promoters, the vast majority (89%)
harbored overlapping H3K4me3 PET-5+ clusters and
almost all (97%) contained H3K4me3 PET singletons orCell Sclusters. To examine the presence of H3K4me3 around
the remaining 52 H3K27me3-modified promoters, we
subjected nine such clusters to H3K4me3 ChIP-qPCR
and all nine clusters showed over 2-fold enrichment
(Supplemental Information I-6). The average number of
H3K4me3-associated PETs is higher overall (11 versus
6.5) in genes that are solely modified by H3K4me3
modification than genes with both K4 and K27me3 (Fig-
ure 3B), indicating that the levels of H3K4me3 modifica-
tion detected in chromatins of these bivalently modified
genes are generally lower than in genes that are solely
modified by H3K4me3. Surprisingly, one-third of RefSeq
genes (5393) lack either mark.
Gene Transcriptional State Is Highly Correlated
with Histone H3 Methylation Profiles
H3K4me3 and H3K27me3 are known to be associated
with active and repressed gene expression status,tem Cell 1, 286–298, September 2007 ª2007 Elsevier Inc. 289
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Histone Methylation Maps of hES Cell GenomeFigure 3. Genes and Transcriptional Activities Associated with Different H3 Methylation Patterns
The genes with exclusive H3K4me3 marks are shown in red, comodified genes are shown in blue, and genes with no mark are shown in black.
(A) Numbers and percentages of RefSeq genes carrying different marks are shown. The dotted line indicates the presence of additional H3K4me3
modifications on the 191 H3K27me3-marked genes based on the ChIP-qPCR validation (see text for details).
(B) The numbers of PETs associated with different H3 marks and their locations relative to the TSS. The averaged PET numbers are shown in a bin of
50 bp. The gene model below indicates the relative position of the TSS.
(C) The percentages of genes with detectable transcripts and their expression levels from each category are displayed. The GIS-PET counts for each
gene within individual category are plotted.
(D) The numbers and percentages of genes that are upregulated and downregulated upon ES differentiation detected by expression microarrays.
Datasets were derived from undifferentiated and differentiated human ES cells (Sato et al., 2003). P value highlighted in red shows the significance
of selective induction. Only genes with 3-fold expression difference were considered.respectively. To investigate the transcriptional states of
the genes with different types of modification, we cap-
tured the human ES cell transcriptome through GIS-PET
analysis (Ng et al., 2005, 2006). Through the mapping of
these GIS-PETs on human genome, expressed tran-
scripts can be characterized through corresponding PET
counts and mapping coordinates (Figure 1). Approxi-
mately 1.8 million GIS-PETs were generated, and they
corresponded to a total of 25,845 transcription units
(TUs) that were derived from over 70,000 different
transcripts (For details on the hES3 transcriptome charac-
terization, refer to Supplemental Information I-7.) The
expression status of three categories of genes with
different modification patterns (H3K4me3 exclusive,
H3K4me3&K27me3 comodified, and none) was examined
through the presence and counts of GIS-PETs assigned to290 Cell Stem Cell 1, 286–298, September 2007 ª2007 Elseviethese genes. Among the 10,278 genes exclusively marked
by H3K4me3, 8301 (81%) were expressed in these cells.
Only 643 (36%) were found to be expressed from the
1798 genes co-occupied by both markers. GIS-PETs
were, however, deficient in the 5393 genes containing
neither mark (Figure 3C). We also checked the transcript
levels of a number of H3K4me3-occupied genes lacking
GIS-PET evidence by RT-qPCR and found that they
were transcribed in ES cells, but at low levels (Figure S13).
Therefore, over 80% of the H3K4me3-occupied genes are
transcribed. The transcriptional activity of these genes is
further supported by the tight association with the initiat-
ing form of RNA polymerase II (Pol II). Ninety-three percent
of the Pol II-bound promoters (Lee et al., 2006) are exclu-
sively modified by H3K4me3 (Table S13). Therefore, Pol II
occupancy, H3K4me3 modification, and active gener Inc.
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Histone Methylation Maps of hES Cell Genomeexpression are highly correlated. It is of interest to note
that Pol II binds specifically at TSS, whereas H3K4me3
is biased toward the 30 of TSS (Figure S15B).
Only a subset of the 1798 H3K4&K27 comethylated
genes is actively transcribed, as evidenced by the fewer
PET counts detected. These results suggest that the
presence of the H3K27me3 modification diminishes the
transcriptional activities of affected genes. To confirm
this observation through independent approach and
from different human ES cell line, we examined the ex-
pression levels of these genes from published datasets
by using the expression microarrray method (Sato et al.,
2003) from human ES cell line H1 (http://xenopus.
rockefeller.edu). Similar to what we found in hES3 cells,
the genes marked by H3K4me3 were generally expressed
and their medium expression values were at least 10-fold
higher than the expression values of genes with both
H3K4me3 and H3K27me3 or with no mark (Figure S14).
The H3K4&K27 comethylated genes were also found
more likely to be preferentially induced immediately
upon ES cell differentiation. Approximately 14% of
H3K4&K27 comethylated genes were upregulated at least
3-fold in 5 day embryoid body (EB) cells. In comparison,
only 4% of H3K4me3-occupied genes and 6% of genes
with no mark showed such an increase (Figure 3D). This
upregulation is statistically significant (p value 1.10E-13)
and possibly occurs through selective removal of
H3K27me3 (Lee et al., 2006). Altogether, we find that the
predominant H3K4me3 modification is highly indicative
for transcriptional competence in ES cell genome. The
presence of an opposing type of histone methylation neg-
atively correlates with gene activities, and the affected
genes are potentially important in the immediate differen-
tiation process. Genes that lack either modification are in
repressed states and completely silent.
Distinct Genetic Compartments in ES Cells
Defined by H3K4me3 and H3K27me3
Through the different histone modifications and their tight
associations with transcriptional activities, all the genes in
the ES cell genome can be categorized into three distinct
compartments: 10,278 genes containing only H3K4me3,
1798 genes containing both H3K4 and K27me3, and
5393 genes containing neither modification (Figure 3A).
To explore such distinct compartments in relation to the
unique identity of human ES cells, namely pluripotency
and self-renewal, we characterized the functions of these
genes based on Gene Ontology (GO) categorization
through the PANTHER database (http://www.pantherdb.
org). Specific molecular activities and biological pro-
cesses exclusively enriched in different sections are
shown in Figure 4A and Table S14.
In the class of genes exclusively modified by H3K4me3,
biological processes implicated in proliferation, such as
nucleic acid metabolism, cell-cycle progression, and pro-
tein and DNA metabolisms, are significantly enriched. The
prevalence of these genes may be related to the self-
renewal property of ES cells. In the category of comodified
genes, biological processes essential for the immediateCell Sdifferentiation are preferentially enriched. The types of
genes and their enrichment status found here are consis-
tent with studies reported previously (Azuara et al., 2006;
Lee et al., 2006). These include genes important for devel-
opmental processes, ectoderm development, neurogene-
sis, transcription regulation, and signal transduction. In
particular, homeobox transcription factors (TFs) are highly
overrepresented. In fact, TFs, especially those essential
for developmental processes, are generally enriched
(p value 1.26E-38). For example, all six members of the
Dlx homeobox TF family that control mammalian brain,
craniofacial, and skeleton development (Kraus and Lufkin,
2006), as well as five out of six members of Irx family pro-
teins, known for their critical roles in early specification of
neuroectoderm (Gomez-Skarmeta and Modolell, 2002),
are found in this category. Finally, processes for lineage
specification and interactions with environmental stimuli
are overrepresented in the category of genes without ei-
ther H3K4me3 or H3K27me3. Genes involved in smell,
chemosensory perception, immunity, and defense are
highly enriched in this category. Specifically, we found
over 380 olfactory receptors, 25 different taste receptors,
45 chemokines and their receptors, 52 defensin, 16 inter-
ferons, and 33 members of cytochrome P450 family in this
category. In summary, we uncover three distinct func-
tional compartments in ES cell genome that are associ-
ated with different H3 trimethylation profiles and the
gene expression activities. These genes in each compart-
ment are engaged in very different types of functions that
could have relevance to the unique characteristics of
ES cells.
Upregulation of Genes Encoding for Proteasome
and PBX Family Proteins in ES Cells
Through different types of molecular processes found in
each category, we next explored the types of genes and
their significance in maintaining ES identity, particularly
within the category of actively expressed genes solely
modified by H3K4me3. The ubiquitin proteasome path-
way is the only pathway significantly enriched. Specifi-
cally, we found that all 35 genes encoding the subunits
of 26S proteasome complex (Wang et al., 2007) were
modified by H3K4me3 and highly expressed in ES cells
(Figure 4B). The expression levels of these genes were
compared between ES cell lines and differentiated tissues
(Barberi et al., 2005; Sato et al., 2003; Su et al., 2004) and
found to be generally upregulated in ES cells, moderately
downregulated in EBs and mesenchymal cells, and
significantly downregulated in most other tissue cells
(p < 0.001). In parallel, we looked at the expression chan-
ges of selected classes of genes without either mark and
found that they remained silenced in multipotent cells and
were only activated in differentiated tissues (p < 0.001). In-
terestingly, the proteasome has recently been implicated
in directly restricting permissive transcription at the tis-
sue-specific regulatory regions by proteolytic degradation
of the assembled transcription preinitiation complex
(Szutorisz et al., 2006).tem Cell 1, 286–298, September 2007 ª2007 Elsevier Inc. 291
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Histone Methylation Maps of hES Cell GenomeFigure 4. Differentially Marked Genes Are Correlated with Distinct Gene Functions
(A) Association between three categories of genes (genes marked by only H3K4me3 [K4 only], dual marked genes [K4/K27] and genes without
H3K4me3 and H3K27me3 clusters [None]) and gene functions. Arrows implicate the genes that are active. Inhibitory links indicate that the genes
are silenced.
(B) Expression of genes encoding interferons (IFNs), defensins (Defs), chemokines and their receptors (ILs and ILRs), taste receptors (TRs), olfactory
receptors (ORs), and 26S proteasome in different cell types and tissues.
(C) Expression analysis of selected H3K4me3-modified homeobox TF genes during embryoid body (EB) formation. The expression level at day 21 EB
was defined as 1. Standard deviations determined by duplicated experiments are shown as error bars.Although transcription factors are highly concentrated
in the category of H3K4&K27 comethylated genes, the
transcription regulators critical for ES pluripotency, such
as Oct4, Sox2, and Nanog, are only marked by
H3K4me3. In searching for other TF candidates with
expressions of potential importance to the maintenance
of the undifferentiated state in ES cells, we evaluated the
expression patterns of the homeobox genes exclusively
marked by H3K4me3 in ES cells and 7 day and 21 day
EBs by RT-qPCR analysis. Of 25 genes tested, the expres-
sions of five genes were clearly high in ES cells and gradu-
ally downregulated during differentiation (Figure 4C).
These five genes arePbx (pre-B cell leukemia) transcription
factors 1–3, Six4, and Pou2f1. Pbx1 is a proto-oncogene
implicated in hematopoiesis (Nourse et al., 1990). The
heterodimerized PBX1 regulates the expression of devel-292 Cell Stem Cell 1, 286–298, September 2007 ª2007 Elsevieopmental genes, and its absence results in embryonic
lethality (Kim et al., 2002). In our study,Pbx1 and its related
proteins are actively expressed in ES cells and downregu-
lated during differentiation, suggesting PBX family proteins
could be important in maintaining ES state.
Comparison of Histone Methylation Patterns
in Different Cell Types
Because our data suggest that H3 trimethylation patterns
demarcate different functional compartments in human
ES cells, we therefore compared our finding with the pro-
files derived from other cells. To this end, we utilized the
recently published H3K4me3 and H3K27me3 datasets
generated from multipotent neural progenitor cells
(NPCs), murine embryonic fibroblasts (MEFs), and primary
human T cells by ChIP-seq (Barski et al., 2007; Mikkelsenr Inc.
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Histone Methylation Maps of hES Cell GenomeFigure 5. Comparison of H3 Methylation Patterns between hES3 Cells and Differentiated Cells
The H3 methylation patterns of genes from each compartment (H3K4me3 exclusive, H3K4&K27 comodified, and none) in hES3 cells were compared
with murine ES cells, murine NPC cells, murine embryonic fibroblast (MEF) cells (A), and human T cells (B). Their distribution of each type of modi-
fication is shown as the percentage of total (no mark as gray, dual marks as blue, K27 methylated as green, and K4 methylated as red) in the different
cell types. The pecentage listed inside the bar shows the portions of genes carrying the same pattern.et al., 2007). First of all, our analysis revealed a striking
overlap in the H3K4me3-marked genes found between
human and mouse ES cells. Ninety-eight percent of the
H3K4me3-marked genes in human were found with the
same modification in the murine counterparts. This result
suggests that H3K4me3 is a global mark for promoters
in both human and mouse ES cells and the genes modified
are highly similar. Compared to H3K4me3, the overlaps for
the H3K27me3-modified genes between human and
mouse ES cells were lesser. Seventy-two percent of the
H3K27me3-marked genes in human were found with
H3K27me3 mark in murine ES cells. Overall, the distribu-
tions of different compartments were quite comparable
between human and mouse. Among the three cate-
gories of genes with different H3 trimethylation patterns,
H3K4me3 exclusively marked genes showed the least
variation between hES3 and other cell types. On the con-
trary, the ‘‘bivalent genes’’ were reduced in NPCs or
MEFs. Finally, we only observed significant H3 methy-Cell Slations in the genes lacking either mark when the cells
were committed to specific lineages (Figure 5). These
results confirmed the functional significance of different
compartment identified in ES cells and showed how the
dynamic changes of histone methylations affect cell fate
and identity.
H3K4me3 and H3K27me3 Loci Are Highly
Conserved among Vertebrates
The functional significance of H3K4me3&K27me3 sites
located in the intergenic regions can be evaluated by their
conservation. Among all the H3K4me3 and H3K27me3
loci on autosomes, 1613 and 1037 are located 1 kb away
from any known genes, including 1126 loci marked by
only H3K4me3, 598 loci marked by only H3K27me3, and
487 loci marked by both H3K4me3 and H3K27me3. We
first measured the proportion of PhastCons conserved
elements present within ±250 bp centered in the middle
of the cluster overlaps. To set the background referencetem Cell 1, 286–298, September 2007 ª2007 Elsevier Inc. 293
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Histone Methylation Maps of hES Cell GenomeFigure 6. Conservation of Intergenic Regions with Different Modifications
(A) The percentages of different modified regions containing PhastCons conserved elements are shown as a histogram. The regions cover ±250 bp
from the center of cluster overlaps. Random regions selected from coding and intergenic sites are displayed as references for comparison.
(B) PhastCons scores calculated as 50 bp sliding bins are displayed in ±10 kb regions from the center of cluster overlaps.
(C) An example of conserved H3K4&K27me3-modified regions is shown as a screenshot from the UCSC genome browser. H3K4me3 peaks are on
top, and H3K27me3 peaks are in the middle followed by the GIS-PET transcript evidence and the multispecies conserved alignments (blue peaks).for conserved and nonconserved regions, we randomly
surveyed 50,000 sites of 500 bp (30,354 are 1 kb away
from genes and 19,646 sites are in coding regions) and de-
termined that 31% of conserved elements existed in cod-
ing regions and 18.8% in noncoding regions. We found
that 54% of the dual H3 K4/K27me3, 35% of solely
H3K4me3-modified intergenic loci, and only 22% of the
solely H3K27me3-modified loci contained conserved ele-
ments (Figure 6A). If we looked at the PhastCons scores
scanning throughout ±10 kb from the center of the cluster
overlaps with a 500 bp sliding window, it is clear that the
conservation is preserved only in the center of H3K4me3
sites (Figure 6B). The H3K4&K27me3-comodified sites
are even more conserved throughout vertebrates based
on their overall PhastCons scores across the cluster re-
gions and the percentage of conserved elements. The 598
intergenic regions exclusively modified by H3K27me3,294 Cell Stem Cell 1, 286–298, September 2007 ª2007 Elseviealthough bona fide, do not appear to be conserved
based on the methods used here, and their significance
in the chromatin structures of ES genome remains to be
determined.
Because the H3K4me3 modification tightly associates
with the TSS of active genes and these intergenic sites
are highly conserved, they are candidate regions for novel
active promoters in ES cells. Indeed, 30% of these loci
have GIS-PETs associated within 1 kb (Figure 6C for an
example). To demonstrate novel genes are indeed tran-
scribed from these regions, PCR primers were designed
from 20 novel H3K4me3 loci based on the GIS-PET se-
quences and 19 gave specific PCR products. Upon clon-
ing and sequencing, they were all confirmed to encode
new transcripts either with known protein domains or com-
pletely new proteins (Supplemental Information I-10).
Therefore, thousands of H3K4me3-modified loci andr Inc.
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are reliable sources for the identification of new genes in
human ES cells.
DISCUSSION
Epigenetic modifications have profound effects on cell
identity and cell-fate determination (Bernstein et al., 2007;
Surani, 2001). In this study, we present high-resolution
and unbiased whole-genome maps of two key histone
modifications from human ES cells. This survey reveals
the fundamental genomic features of the modified regions,
establishes the transcriptional activities of associated
genes, and provides a valuable resource for the evaluation
of the impacts of chromatin structures in defining the pluri-
potent nature of human ES cells.
Genomic Features Associated with H3K4me3
and H3K27me3 Modifications
Consistent with previous studies, H3K4me3 sites found
here are accurate indicators for transcription start sites
(Bernstein et al., 2005). This modification shows a ‘‘twin
peaks’’ profile, and the ‘‘middle dip’’ region is located ex-
actly at the TSS, which has extensive engagements with
transcriptional initiation complexes and nucleosomal de-
pletions (Heintzman et al., 2007). Surprisingly, H3K4me3
extensively marks the promoters of 12,000 RefSeq genes.
Together with over 1000 novel gene loci revealed by inter-
genic H3K4me3 sites, there are potentially over 13,000
genes occupied by this modification. The transcription
levels of genes from this category were highly variable;
hence, the presence of H3K4me3 is not indicative or pre-
dictive of transcriptional activity. This phenomena is, how-
ever, not unique to human ES cells, as similar widespread
marking of promoters by H3K4me3 has also been re-
ported in human T cells, murine ES cells, murine neural
progenitor cells, and MEFs (Barski et al., 2007; Mikkelsen
et al., 2007). Furthermore, the genes carrying H3K4me3
modifications are 95% in common between human and
mouse ES cells and 90% in common between human
ES cells and T cells. Therefore, the significance of ge-
nome-wide marking of promoters by H3K4me3 is not
clear. It is tempting to speculate that this could represent
a mechanism for the cells to earmark regions to be recog-
nized by sequence-specific transcription factors or gen-
eral transcription apparatus.
Compared with the extensive occurrence of H3K4me3
at promoters, H3K27me3 only shows moderate associa-
tions with promoter regions and almost all of the 1798 pro-
moter regions modified by H3K27me3 also contain
H3K4me3 marks. It has been demonstrated that both
H3K4me3 and H3K27me3 can coexist on the same
chromosomes in the same cells (Bernstein et al., 2006).
Through our high-resolution PET mapping, we showed
that these two modifications are distributed along the
same locus but with distinct profiles and peaks. Therefore,
it is possible that these two modifications are enriched in
different nucleosomes within close proximity. This may
also reflect the recruitment of TrxG and PcG histone meth-Cellyltransferase complexes to juxtaposed sites. Consistent
with previous reports, we also observe both discrete and
extended domains of H3K27me3 (Boyer et al., 2006;
Bracken et al., 2006; Lee et al., 2006; Squazzo et al.,
2006). It appears that H3K27me3 modification patterns
tend to be more tissue specific, as revealed by lack of
obvious overlap between human ES and T cells as com-
pared with H3K4me3.
Marking of Functional Groups of Genes
by Histone Methylation
An intriguing finding from our study is the specific associ-
ations of functional gene groups with different histone H3
modifications. Specifically, we found that genes encoding
for proteasome and ubiquitin pathways were largely mod-
ified by H3K4me3 and upregulated in ES cells. The func-
tional significance of proteasome pathways in ES cells is
further supported by a recent finding that demonstrates
the targeting of proteasome to transcriptional preinitiation
complexes at tissue-specific loci in murine ES cells (Szu-
torisz et al., 2006). It remains to be tested whether the pro-
teasome removes nonspecific preinitiation complexes
from promoters with H3K4&K27 comethylation.
On the other hand, genes important for sensory, immu-
nity, and drug metabolism are deficient in both H3K4me3
and H3K4me27. These are genes expressed in highly spe-
cialized cell types. Therefore, repression through marking
by H3K27me3 is not a general mechanism for genes asso-
ciated with differentiated cell types. Independent mecha-
nisms might exist for gene silencing. This observation may
reveal the specific targeting of TrxG and PcG complexes
to selective regions of the genome. Alternatively, this
could be the result of the recruitment of histone demethy-
lases to these loci, preventing the formation of H3K4me3
or H3K27me3.
The different compartments found here were further
examined by comparing the patterns between stem cells
and differentiated cells. It is proposed that bivalent do-
mains are largely specific to ES cells (Bernstein et al.,
2006). However, recent genome-wide mapping of histone
modification studies indicates that bivalent-modified do-
mains are not only unique to ES cells but also can be found
in differentiated cells such as T cells and MEFs (Barski
et al., 2007; Mikkelsen et al., 2007; Roh et al., 2006). The
bivalently marked compartment in human ES cells was re-
duced in human T cells, whereas the compartment with-
out H3K4me3 and H3K4me27 showed de novo methyla-
tion in T cells. Thus, the bivalent domains are partially
resolved, and the nonmethylated compartment acquires
new property in T cells. This may be attributed to the
expression of T cell-specific genes and the restriction of
other lineage genes in T cells.
In summary, we generated genome-wide maps of two
key histone modifications that are associated with active
and repressed chromatin structures in the human ES cell
genome. By associating the genes carrying different mod-
ifications with their expression status, specific compart-
ments could be revealed. These compartments may beStem Cell 1, 286–298, September 2007 ª2007 Elsevier Inc. 295
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tency, and potential for lineage specification in ES cells.
EXPERIMENTAL PROCEDURES
Growth and Characterization of Human ES Cells
Human embryonic stem cells hES3 were obtained from ES Cell Inter-
national (http://www.escellinternational.com). The ES cell colonies
were serially cultured in a feeder-free medium as previously described
(Choo et al., 2006). Fluorescence-activated cell sorting (FACS) analysis
with ES cell surface-specific antibodies was used to indicate that
>99% of the cells harvested were human ES cells. Detailed culture
and characterization protocols can be found in the Supplemental
Information I-1.
ChIP, ChIP-PET, and GIS-PET Experiments
ChIP experiments for both H3K4me3 and H3K27me3 were carried out
as described previously (Loh et al., 2006). The ChIP-enriched DNA was
used to construct PET libraries as previously described (Ng et al.,
2006). For GIS-PET analysis, high-quality mRNA was prepared by
Trizol method and subjected to full-length cDNA synthesis and PET
library construction as previously described (Ng et al., 2005). For
details, refer to Supplemental Information I-2 and I-7.
RT-PCR and ChIP-qPCR
For RT-PCR, total RNA was purified with the RNeasy minikit (QIAGEN)
and cDNA synthesis was performed by SuperScript III kit (Invitrogen)
according to the manufacturer’s instructions. Quantitative PCR analy-
ses were performed with the ABI PRISM 7900 sequence Detection
System and SYBR Green master mix as previously described (Loh
et al., 2006). For ChIP-qPCR, relative occupancy values were calcu-
lated by determining the apparent immunoprecipitation efficiency
(ratios of the amount of immunoprecipitated DNA over that of the input
sample) and normalized to the level observed at a control region, which
was defined as 1.0. The error for independent determinations is ±10%.
Expression Array Analysis
The microarray data used here for comparison were extracted from
public website (http://xenopus.rockefeller.edu) and GEO records
GDS1288 and GDS594 and log transformed. The log values of each
gene from all biological replicates from ES cells, EBs, and mesenchy-
mal samples were used. For differentiated tissues, the log values from
different biological replicates of the same tissues were averaged. For
expression comparison of each gene between different cells and
tissues, log value of each column minus average of log values from
all columns were used to generate the expression profile with the
‘‘TreeView’’ software (http://rana.lbl.gov/EisenSoftware.htm), in which
different color shadow corresponds to different transcriptional activity.
We employed the GSEA (gene set enrichment analysis) method
(Subramanian et al., 2005) to test the significance of upregulation or
downregulation of genes. In GSEA, a normalized Kolmogorov-Smirnov
statistic was used for enrichment measurement and the phenotype
labels were randomly permutated to estimate the significance level.
Conservation Analysis
PhastCons base-by-base scores and the PhastCons Conserved
Elements were downloaded from UCSC October 2005 and November
2006, respectively. Conservation curves were obtained by averaging
the PhastCons scores in 500 bp sliding windows.
Comparison of H3K4me3 and H3K27me3 between Different
Cell Types
The H3K4me3 and H3K27me3 modification sites in human T cells were
determined based on Barski et al. (2007). Genes containing tag islands
within 1 kb of their TSSs in each dataset were classified as having the
corresponding type of histone modification and used for comparison.
For human and mouse comparison, we mapped the 19,274 promoters296 Cell Stem Cell 1, 286–298, September 2007 ª2007 Elsevieof human autosome RefSeq genes to mouse genome using UCSC
liftover program and compared the list with 17,762 mouse promoters
studied by Mikkelsen et al. (2007). Such comparison resulted in
13,336 pairs of homolog genes with uniquely mapped promoters.
Among them, 8726, 1511, and 3099 genes were categorized into K4
only, K4&K27, and none in hES cells, respectively, and used for subse-
quent comparison.
Supplemental Data
Supplemental Data include Supplemental Analysis, Supplemental
References, 16 figures, and 14 tables and can be found with this article
online at http://www.cellstemcell.com/cgi/content/full/1/3/286/DC1/.
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